In growing swine, ossification failure due to osteochondrosis has an incidence of nearly 100% in the distal ulna of animals at six months of age, yet the etiology of the disease is understood poorly. In this study, the ultrastructure of the chondrocyte and its pericellular matrix is analyzed in normal growth plates and in growth plates with lesions characteristic of osteochondrosis using aldehyde primary fixatives and osmium-ferrocyanide as the secondary fixative. Chondrocytes in lesion areas fail to undergo normal hypertrophic cell maturation, and they have an accumulation of rough endoplasmic reticulum, lipid droplets and mitochondria. These morphological changes are interpreted to be both variable and nonspecific for osteochondrosis. Within the pericellular matrix of chondrocytes from lesion areas, the most striking abnormality is the presence of a highly condensed matrix with an accumulation of large, irregularly shaped deposits of electron dense material. These morphological alterations are characteristic of a matrix which either is not secreted normally, or in which the highly ordered interactions of diverse macromolecules has been lost. These pericellular matrix changes have not been described in other diseases ofgrowing cartilage. They may be significant in the failure of metaphyseal vascular penetration of the pericellular matrix which is characteristic of osteochondrosis. 141 
Osteochondrosis is defined as a focal disruption of orderly endochondral ossification in a growth plate that had been maturing normally."6 In growing swine, osteochondrosis has an incidence of nearly 100% in boars over six months of age. '6. 42 Histologically, the initial osteochondritic lesion is characterized by a focal increase in the number of mid to late zone hypertrophic cells which do not mature further, and by a failure of metaphyseal vascular penetration and subsequent os-teogene~is.~~ Lesions occur in more than one growth plate of the same animal, are often bilaterally symmetrical, and occur in both weight bearing and non-weight bearing growth plates. 39 Because of this multifocal manifestation, osteochondrosis is considered to reflect a generalized systemic problem of growing cartilage which may secondarily lead to osseous and arthritic changes and subsequent clinical lameness. 39 Despite numerous studies in which gene ti^,'^.^' traumatic,20 conf~rmational,'~ n~tritional,'~.~' or vascular etiol-ogies3' have been investigated, the underlying cause of the ossification failure is not understood, and therefore the disease in swine is considered to be i d i~p a t h i c .~~.~~ Since the etiology of osteochondrosis is undetermined, it is necessary to consider both cellular changes and matrix changes which may be significant in the pathogenesis of the disease.
In the normal growth plate, chondrocytic maturation proceeds through a continuum of cellular stages in which the rate of cellular division in the proliferative zone is balanced by the rate of vascular penetration of hypertrophic cell lacunae in the zone of provisional calcification. Many disorders of growing cartilage are characterized by a disruption of this orderly sequence of maturation. In human chondrodysplasias, the loss of specific syntheti~?~ degradati~e,~' or secretory func-tions28 of growth plate chondrocytes has been characterized morphologically by pathognomonic cellular changes at the ultrastructural leve1.27*38*44 This is in contrast to the more nonspecific changes in chondrocytic morphology which have been associated with nongenetic diseases of growing cartilage such as ricke t~, ' ,~ or with degenerative diseases of mature cartilage such as 0steoarthritis.6.~~ Therefore, an ultrastructural analysis of osteochondritic cartilage may be useful not only in characterizing the stage within the continuum in which chondrocytic maturation is delayed, but also for determining to what extent these changes are consistent with a primary chondrocytic abnormality which may be significant in the etiology of the disease.
The matrix of the normal growth plate is characterized by several areas which are both histologically and functionally distinct. For instance, only the longitudinal septa between columns of chondrocytes calcify, while the transverse septa between adjacent chondrocytes of one column and the territorial matrix shared by several chondrocytes in one column remain uncalcified. These noncalcified areas become the pathway for metaphyseal endothelial cell migration. In addition, each individual chondrocyte is surrounded by an immediate perkellular area or lacunar matrix which serves as an interface through which the chondrocyte communicates with and possibly controls events in the rest of the extracellular m a t r i~.~.~~"~ It generally is agreed that changes in matrix macromolecules-collagen7 glycosaminoglycans, and structural glycoproteins-in the immediate pericellular area precede vascularization during endochondral os~ification.~,~* 57*59 Therefore, the pericellular matrix may be significant, particularly in a disease such as osteochondrosis which is characterized by a failure of capillary penetration.
In this study, the ultrastructure of the chondrocyte and its pericellular matrix is analyzed in normal growth plates and in growth plates with lesions characteristic of osteochondrosis. In previous studies of growth plate cartilage, osmium-ferrocyanide has been shown to improve preservation of pericellular matrix components of hypertrophic zone chondro~ytes.'~*~~ In this study, osmium-ferrocyanide was used as a secondary fixative for both normal and osteochondritic growth plates. The purpose is to discriminate at the ultrastructural level between normal maturational changes of hypertrophic cells and their associated pericellular matrix, and changes which might either initiate or occur secondarily to osteochondrosis.
Materials and Methods
Twelve Hampshire-Duroc boars from a colony of 60 boars raised together in confinement were killed painlessly in groups of three at two, four, five, and six months of age. These boars were determined to be healthy by history, clinical examination, normal growth pattern, and absence of clinical lameness. Collections from these boars were used to compare matrix and cellular morphology of the commercial swine physis in areas which by gross morphology could be characterized as either normal or osteochondritic. Slabs of the distal ulnar physes were collected using an osteotome and placed in primary fixative of 2% purified gluteraldehyde-2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. Under a dissecting microscope, lesion areas were identified by an increase in thickness of the epiphyseal plate with a focal wedge-shaped penetration of physeal cartilage into the area of metaphyseal bone. Lesions were present in all six commercial pigs aged five and six months and were removed selectively with sharp razor cuts and trimmed separately from normal areas.
In addition, slabs of the distal ulnar physes were collected from Colorado State University Yucatan miniature pigstwo each aged two, four and six months. Over a three-year period the authors have raised these swine under confinement conditions and no signs of clinical lameness have been observed. Over this same period, forty miniature swine aged one to six months have been necropsied and no gross lesions of osteochondrosis have been found. Therefore, the growth plates of these swine, like those of other pigs of wild hog ancestry,39 can be considered characteristic of normal porcine development without predisposition to osteochondrosis.
Ulnar slabs from all swine were trimmed of excess bone, cut into 1 mm x 1 mm x 3 mm blocks, and left in primary fixative for one hour; the blocks then were rinsed, post-fixed in 1 % osmium tetroxide-1.5% potassium ferro~yanide"*~~ for one hour, rinsed again, rapidly dehydrated in ethanol, cleared in propylene oxide, and embedded in epon-araldite.
Blocks were sectioned in a plane parallel to the proximodistal axis of the growth plate using a diamond knife. Sections were cut at 0.5 pm and stained for light microscopy with azure 11, basic fuchsin, and methylene blue." Alternatively, 0.5 pm sections were etched with sodium ethoxide and treated with 100 pgm/ml fluorescein-conjugated concanavalin A (Vector Laboratories, Burlingame, CA) in phosphate buffered saline for 30 minutes." The latter procedure facilitated visualization of different matrix areas of the growth plate with light microscopy. In normal growth plates all areas from the late proliferative zone to the point of capillary penetration could be examined on one section. Because of the extensive and highly complex nature of lesions, areas to be sampled by electron microscopy were chosen by initial light microscopic evaluation of all zones proximally to distally within the lesion. In each lesion there was an accumulation of long columns of chondrocytes which by light microscopy were of apparent similar morphology and these areas were chosen for electron microscopy. At least two blocks were cut from each pig and in five of the six oldest commercial animals, both lesion and normal areas were examined. In one six-month-old boar the entire ulnar growth plate was judged to be osteochondritic.
Thin sections were picked up on formvar-coated 2 mm x 1 mm slit grids and stained with uranyl acetate-lead citrate. Sections were analyzed in a Zeiss 10A (Carl Zeiss, Oberkochen, West Germany) or a Philips 4 10 (Philips Electronics, Eindhoven, The Netherlands) electron microscope at 60 KV.
Results
In the distal ulnar growth plates from Yucatan miniature pigs, hypertrophic cells formed orderly columns of approximately ten chondrocytes with a progressive maturation of cell types which was consistent in all blocks and in all pigs from all age groups (fig 1) . This cellular membranes, poorly defined cellular organelles, calcifying mitochondria, and pyknotic nuclei were seen. However, these were not characteristic of lesion areas as a whole and were rare compared to the number of viable cells.
In growth plates preserved with secondary fixatives containing osmium-ferrocyanide, an electron dense material is characteristic of the pencellular matrix of all cells from the midzone of hypertrophying chondrocytes to the point of capillary penetrati~n.'~~~' In cells of normal areas of the commercial swine growth plate, this electron dense material is characteristic of a dense lamina which surrounds some chondrocytes in late hypertrophy5' (figs. 3a, b) . Similarly, electron dense material was found in the pericellular matrix of lesion area cells. In most cells this material was of the normal 0.1 pm to 1 .O pm size and was found evenly dispersed from the chondrocytic plasma membrane to the lacunar rim as found in normal hypertrophying cells ( fig. 2b) . However, in other cells, particularly in areas where the matrix of the longitudinal septum was highly calcified, the electron dense material was altered markedly, forming large deposits up to 1.5 pm x 4.5 pm in diameter in focal patches near the cell margins. In still other cells the electron dense material was found in large coalescing strands at the lacunar margin with an intervening area of matrix which was free of dense material between it and the plasma membrane (figs. 3c, d). In these cells the electron dense material, although confined to the lacunar rim, was not found interspersed with fine fibrillar material characteristic of the encasing lamina surrounding hypertrophic cells in the commercial swine growth plate (figs. 3c, d). Of the twelve blocks from lesion areas examined, ten had areas characterized by chondrocytes which had some degree of abnormalityeither of the amount or of the configuration of electron dense material within the pericellular matrix.
The pericellular matrix surrounding hypertrophic chondrocytes from mini-pigs did not form a distinctive encasing lamina but consisted of a homogeneous array of matrix fibrils which were -dispersed evenly throughout the more irregularly shaped electron dense material ( fig. 4 4 . In contrast, in lesion areas where the electron dense material was abnormal either in size or in distribution, the rest of the pencellular matrix also was abnormal in morphology. Variability included an entire pericellular matrix consisting of a homogeneous array of highly condensed fibrils, condensed fibrils at the periphery of the pericellular matrix with open fibrillar strands adjacent to the chondrocytic plasma membrane ( fig. 4b) , or irregular patches of condensed matrix with intervening areas of more open, normal matrix ( fig. 4c) . In rare instances cells had dense accumulations of coarse fibrils throughout the pencellular matrix ( fig.  4 4 . Examination of these fibrils at high magnification did not reveal any characteristic needle-like crystals such as are typical of initial hydroxyapatite deposition within matrix vesicles. However, the possibility does exist that amorphous calcium phosphate may be present among these fibrils. This could not be determined with the present morphological techniques.
In some cells the morphology of the pericellular matrix varied in concentric rings giving the cell within its lacunar matrix a halo effect. Lacy open matrix adjacent to the cell either without dense material or with abnormally large dense material, would be surrounded by an area of homogeneous condensed matrix, which in turn was surrounded by a rim of elongated, coalescing dense material. Therefore, in these cells the pericellular matrix morphology was not only abnormal, but appeared to vary markedly at different distances from the chondrocyte ( fig. 5 ).
Discussion
The only previous description of the ultrastructure of osteochondritic cartilage in swine was restricted to areas of the articular-epiphyseal complex adjacent to the secondary center of ossification.' The present study has focused on the morphology of growth plate cartilage of the distal ulna since the incidence of ossification failure in this growth plate approaches 100% in commercial swine at six months of age.'6*37 B y examining growth plate cartilage instead of articular-epiphyseal complex cartilage it is possible to compare our findings more directly to previous ultrastructural observations of abnormal physeal development in other disorders of growing cartilage.
The ultrastructure of the hypertrophic cell and its pericellular matrix in areas of the commercial swine growth plate which by gross morphology can be classified as normal has been described previou~ly.~' However, this does not mean that areas designated as normal could be assumed to be free of cellular changes consistent with osteochondrosis, since it has been shown that what appears to be macroscopically normal cartilage from femoral heads of persons with osteoarthritis may be either normal or abnormal at the microscopical level.54 For this reason the selection of appropriate controls for an electron microscopic study of osteochondrosis in growing swine is complex. Osteochondrosis is a generalized disease of the growth cartilage Fig. 4 : a. Pericellular matrix surrounding hypertrophic cell from distal ulnar growth plate of a four-month-old mini-pig. Electron dense material found interspersed with fine fibrillar material. Arrowheads = plasma membrane. Bar = 0.2 pm. b., c., d. In these three lesion areas, pencellular matrix lacks the highly integrated distribution of macromolecules found adjacent to normal hypertrophic cells as in fig. 4a . Electron dense material = small arrowheads; plasma membrane = medium arrowheads; TS = transverse septum; CF = coarse fibrils. b., c., d. Bar = 0.5 pm. ration, and which have cytoplasm filled with extensive rough endoplasmic reticulum and increased numbers of mitochondrial profiles.' In contrast, in tibial chondrodysplasia in chickens, growth plate chondrocytes undergo severe degenerative changes and are characterized by rough endoplasmic reticulum which is dilated and vesiculated, and by mitochondria which are swollen with dilated intracristal spaces and abnormal mitochondrial matrix. 22 In slipped capital femoral epiphysis, although large numbers of hypertrophic cells accumulate in long disorganized clusters as in osteochondrosis, these cells retain a normal ultrastructural morphology with normal maturation and degenerati~n.~~
The most consistent ultrastructural abnormality of chondrocytes of lesion areas was the large number of lipid droplets per cell profile, often accompanied by deposits of glycogen. Both glycogen and lipid bodies decrease progressively from the proliferative zone to the hypertrophic zone in the normal physis, and both are essentially absent from late hypertrophic cell^.^,^ However, the accumulation of lipid can be considered a nonspecific change which similarly has been reported in articular chondrocytes from swine osteochondritic lesions, in articular chondrocytes from immobilized rabbit joints,"' and in early osteoarthritic cartilage.6~~' Lipid accumulation also has been reported as one of several chondrocytic abnormalities in certain chon-drodyspla~ias,~~.~~ and in thallium chondrody~trophy.~'
Lipid accumulation has been interpreted as a metabolic change of chondrocytes under conditions of either accelerated growth or increased matrix proteoglycan synthesis." Under progressively anaerobic conditions the lipid may serve as a reduced nicatinamide adenine dinucleotide (NADH) "sink" for regeneration of NAD to maintain the NAD/NADH ratio at a level which will not inhibit chondroitin sulfate ~ynthesis.~~.'' Anaerobic conditions may be present in osteochondritic lesion areas where the increased width of the growth plate, often accompanied by heavily calcified matrix, may decrease oxygen availability secondary to increased diffusion distances. In the growth plate of tibial dyschondroplasia, lipid accumulation has been interpreted to be a sign of energy depletion. 22 In the rachitic growth plate the increased amounts of glycogen with an abundance of mitochondria1 profiles are interpreted to represent modifications secondary to inefficient oxidative energy production.'.' Thus, although the cellular changes of an increase in rough endoplasmic reticulum and mitochondria with an accumulation of lipid droplets were observed in osteochondritic lesion areas, they are interpreted to be both variable and nonspecific for osteochondrosis. It still is unknown to what extent the morphological changes observed in hypertrophic cells in osteochondrosis are reversible.
The most striking abnormality of the pericellular matrix of chondrocytes from lesion areas was the presence of a highly condensed matrix with an accumulation of large deposits of electron dense material. No similar abnormalities have been described at the ultrastructural level in other kinds of abnormal cartilage. However, this electron dense material is preserved only when potassium ferrocyanide is incorporated into the secondary fixative. lo Since in previous ultrastructural studies of growth plate cartilage ferrocyanide has not been used, it is difficult to make direct ultrastructural comparisons.
Although the composition of the electron dense material is unknown, it has been shown to be associated with the pericellular matrix of hypertrophic chondrocytes at the terminal stages of endochondral ossification." In the normal growth plate it is present only in the mid to distal hypertrophic cell zone where it surrounds all chondrocytes to the point of capillary penetration." Thus, it is interpreted to represent a normal component of the pericellular matrix of hypertrophic chondrocytes both in Yucatan miniature swine" and in commercial hogs.'* In addition, it is absent from all zones of articular cartilage, of tracheal cartilage, and of elastic ear cartilage." Thus it appears to be uniquely associated with cartilage undergoing vascularization. This hypothesis is strengthened by the apparent abnormal appearance of the electron dense material in lesion areas of osteochondrosis which are characterized by a failure of vascularization. Without knowing the specific composition of this dense material or having a specific marker for it, it is impossible to say unequivocally that the large deposits of irregularly shaped electron dense material in the pericellular matrix of some lesion cells are in fact the same material or an abnormal form of it. However, this material is never seen in cells from normal areas, and in cells in the lesions it usually is found in conjunction with what appears to be a ring of more normal electron dense material at the lacunar margin.
Certain matrix macromolecules such as chondronectin,24 type V ~ollagen,'~ and minor collagens43 have been shown to be associated with the pericellular matrix of growth plate chondrocytes, but none of these is restricted, as is the electron dense material, to the distal hypertrophic cell zone. In the distal hypertrophic cell zone alkaline pho~phatase,'~ lysosomal enzyme^,'^ ly-~o z y m e ,~~ and carbonic anhydrase12 all have been shown to be present in the hypertrophic cell lacunae, but each also is found either intracellularly or in the longitudinal septa as well. It has been hypothesized that the electron dense material may represent hyaluronic acid which is released as proteoglycan aggregates are degraded prior to capillary penetration. l o Alternatively, it has been hypothesized that the electron dense material may represent the ultrastructural equivalent of fibronectin which has been localized by light microscopic immunocytochemistry in the pericellular matrix of distal hypertrophic zone chondrocytes. 10553 Fibronectin in the distal hypertrophic cell zone may be important to enhance phagocytosis of matrix and cellular debris, and to serve as an adherent substrate for cellular migration associated with vascular penetration."
Electron dense material surrounding chondrocytes from lesion areas of osteochondrosis often appears in distinctive rings separated by matrix devoid of electron dense material. On the assumption that this material or its precursors are produced within the cell and then aggregate within the pericellular matrix, this halo effect of the electron dense material surrounding cells in lesion areas can perhaps be interpreted as a temporal phenomenon. Such an effect would result if the material were first produced as it is normally by hypertrophic cells, if production then ceased for a time, and if it then were produced again in an abnormal form. Whereas in normal cells this electron dense material appears continuously before vascular penetration, cells in lesion areas appear to display time waves of its production without resulting vascular penetration and subsequent ossification. In a few cells the last stage of synthesis appears to be large whorls of coarse fibrils which resemble type I collagen. Thus chondrocytes from osteochondritic lesion areas may be reverting to a chondroblastic synthetic pattern characteristic of chondrocytes in some stages of degenerative joint disease,13 or they may be initiating a synthetic pattern characteristic of fibrocartilage deposition at the chondro-osseous junction. l5 An alternative interpretation is that the electron dense material does not represent a specific matrix macromolecular constituent but rather that changing macromolecular organization of the pericellular matrix prior to vascularization leads to an increased deposition of osmium when ferrocyanide is incorporated into the secondary fixative. With this interpretation, the irregular distribution of the electron dense material and the unusually condensed state of the rest of the pericellular matrix in lesion areas of osteochondrosis may indicate loss of the organizational structure of pericellular components. If, in fact, the electron dense material were fibronectin, the irregularly shaped large deposits could represent self-aggregation of fibronectin into multimers, and the loss of the highly ordered structural interactions of fibronectin, collagen, hyaluronic acid and proteoglycans which is thought to characterize the pencellular matrix of normal c h o n d r o~y t e s .~~*~~ The banded collagen-like fibrils found in dense whorls in the pencellular matrix of a few chondrocytes in the lesion areas also may be characteristic of abnormal collagen aggregation as described in diastrophic dysplasia4* and metaphyseal chondrodysplasia. 28 Although it was not a main goal of this study to analyze the ultrastructure of the longitudinal septa, it is noteworthy that chondrocytes with a pencellular matrix characterized by abnormal electron dense material often were found in areas of the lesion where the longitudinal septa were highly calcified. The lesion of osteochondrosis has been considered to represent a failure of mineralization as well as of vasculari~ation,~~ but this generalization must be examined critically using undecalcified material. The significance of the extent of calcification in lesion areas is unclear. Without an experimental model of the progression of the disease there are no good criteria by which to determine if the mineralization of the longitudinal septa of lesions is associated with healing. Matrix vesicles seen in lesion areas morphologically are normal by routine electron microscopy, but both histochemical and biochemical analyses are required to determine if matrix vesicles are functionally normal in cartilage disease states. This would constitute another area of investigation into the possible etiology of osteochondrosis.
In this study of the ultrastructure of hypertrophic chondrocytes and their pericellular matrix in lesion areas of osteochondrosis, it has been possible to demonstrate that most chondrocytes within lesion areas morphologically appear both viable and metabolically active. They undergo nonspecific morphological changes which have been described in chondrocytes from a wide variety of growth plate disorders. In addition, in lesion areas pericellular matrix macromolecules have an altered morphology which is characteristic of a matrix which either is not secreted normally, or in which the highly ordered interactions of diverse macromolecules has been lost. Electron dense material which can be preserved by using osmium-ferrocyanide as the secondary fixative represents a major component of the pericellular matrix of normal chondrocytes of both commercial swine and of the mini-pig. This electron dense material has an altered distribution and morphology in some osteochondritic lesions. Further studies using histochemical and immunocytochemical techniques are in progress to begin to identify this specific pericellular matrix component, in order to differentiate whether altered electron dense material constitutes a primary change which initiated the osteochondritic lesion or reflects a secondary response, and to what extent the changes are reversible. Since the pericellular matrix becomes the pathway for migrating endothelial cells during normal endochondral ossification, alterations in pericellular matrix components may be significant in the vascularization failure which characterizes osteochondrosis.
